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There is a consensus that particulate matter and gases pollutants originating from industry and vehicle
emission processes in urban areas are important from the point of view of public health and climate
change. Local anthropogenic emissions, especially those resulting from energy generation processes from
the industrial and transport sector, are connected with those occurring at the regional and global scales. A
major concern in the Metropolitan Area of São Paulo (MASP) is the impact of the large scale use of ethanol
as a fuel and as an additive for Otto vehicles. In this study, atmospheric concentrations of ozone, nitrogen
oxides (NO and NO2), formaldehyde and acetaldehyde were measured in the MASP in Brazil, over four
seasons in 2012 and 2013. The results were compared with data collected in previous studies. Our results
demonstrate that, although there was a large increase in the number of vehicles in the MASP that use
ethanol (‘‘ﬂex-fuel’’ vehicles), technological advances in vehicle emissions control have prevented any
signiﬁcant increase in the atmospheric concentrations of aldehydes. In addition, an increase in the
formaldehyde/acetaldehyde ratio has been observed.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Emission control technologies, improvements in fuel quality,
and the use of alternative fuels (e.g. from Fischer–Tropsch
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Fig. 1. Annual evolution of the total population, number of vehicles, and ratio of
inhabitants to vehicles in the MASP from 1980 to 2012.
506 T. Nogueira et al. / Fuel 134 (2014) 505–513processes), hydrogen, natural gas and biofuels, are among several
options supported by regulatory pollution control agencies to
reduce the contribution of the transport sector to emissions at
the local, regional, and global levels [1]. However, the more wide-
spread use of some biofuels combined with the increasing trafﬁc
density provides a potential source of pollutants into the atmo-
sphere, including nitrogen oxides (NOx = NO + NO2), volatile
organic compounds (VOCs), carbon monoxide and aerosol particles
[2,3]. In Brazil, the impact of the transport sector on the emission of
pollutants has increased, unlike that of other sources, such as bio-
mass burning. The traditional process for producing sugar and eth-
anol in Brazil included pre-harvest burning of the sugarcane ﬁelds.
With the objective of bringing about improvements in the overall
process and lessening the environmental impact of sugar and eth-
anol production, the state of São Paulo has progressively replaced
the extensive use of labor and pre-harvest burning with mechani-
cal harvesting techniques that preclude the need for burning. In
addition, speciﬁc environmental laws and protocols in Brazil have
resulted in a progressive reduction in pre-harvest burning and are
aimed at total elimination of the within the next ten years [4].
Ozone is an important secondary pollutant in the troposphere
and a major oxidant. High ozone concentrations usually occur on
sunny days, when primary pollutants, i.e. VOCs and NOx, interact
by photochemical reactions, supported by strong solar radiation
and high temperatures [5,6].
Although fuel combustion is a well-known source of direct car-
bonyl (aldehyde and ketone) emissions to the atmosphere [7–9],
those emissions depend on the kind of fuel used, the use of cata-
lysts and the trafﬁc conditions [10–13]. Carbonyls present in motor
vehicle exhaust, such as formaldehyde and acetaldehyde, have
been identiﬁed as toxic air contaminants, pollutants known or sus-
pected to cause adverse health effects [14,15]. Alcohols, principally
ethanol, along with their gasoline blends, have received consider-
able attention as alternative fuels and can be derived from renew-
able sources such as sugarcane and beets. Ethanol biofuel is less
polluting, both in terms of local emissions (such as particulate mat-
ter, sulfur and lead) and greenhouse gases (carbon dioxide and
methane) [16]. The principal drawback of alcohol fuels, from an
air quality standpoint, is their production of aldehydes during
combustion, as well as their lower intrinsic energy content in com-
parison with pure gasoline and diesel fuels. Under cold-start condi-
tions, alcohols crack to produce aldehydes, principally
formaldehyde in the case of methanol and acetaldehyde in the case
of ethanol. It is these aldehyde emissions from alcohols that make
their potential effects on air quality different from those of non-
oxygenated fuels [2].
In Brazil, ethanol is produced from sugarcane and is used as a
fuel in light-duty vehicles. Anhydrous ethanol (maximum water
mass content 0.7%, measured at a temperature of 20 C) is added
as an antiknock additive to regular gasoline at a concentration of
20–25%. The resulting fuel is called gasohol. Hydrous ethanol has
a maximum water concentration of 7.4% and is used as a fuel in
light-duty vehicles. One of the most recent innovations by the local
automotive industry is the launch of engines that can be fuelled by
gasohol, hydrous ethanol or a blend of both in any proportion.
Vehicles powered by such engines are often called ‘‘ﬂex-fuel’’ vehi-
cles and became attractive because their owners no longer had to
be concerned with the price and market availability of ethanol.
Increases in the pump price of ethanol lead to large-scale
consumption of gasohol, and then of ethanol when ethanol prices
subsequently fall to a competitive level. In the state of São Paulo,
gasoline consumption was constant at around 7  106 m3 between
2003 and 2010 and then increased to 10  106 m3 in 2012. During
that same period, there was a six-fold increase in ethanol con-
sumption, which peaked in 2009 (at 8.6  106 m3), decreasing to
5.8  106 m3 in 2012 [17].The Metropolitan Area of São Paulo (MASP), the most economi-
cally important region of Brazil, is one of the largest megacities in
the world. In only 2000 km2 of its total area of 8051 km2, there are
20 million inhabitants and 6.7 million vehicles [18]. In the state of
Sao Paulo, air quality is monitored by the São Paulo State
Environmental Agency [19], which employs a network of 40 auto-
matic monitoring stations distributed throughout the state, 21
being in the MASP. Fig. 1 shows the growth in population and num-
ber of vehicles over the last 30 years, as the ratio of inhabitants per
vehicle decreased from 15 to 3 and urban trafﬁc congestion wors-
ened. Consequently, vehicles (light-duty vehicles, heavy-duty vehi-
cles and motorcycles) became the main source of air pollutant
emissions, accounting for 97% of the CO, 80% of the NOx, 90% of the
hydrocarbons, 40% of all particulate matter and 37% of the SO2 [20].
Brazil is the only area in the world where fuel with a high eth-
anol content has been used since 1975, when the National Alcohol
Program (ProAlcool) was created, with the speciﬁc objectives of
decreasing the dependence of the country on petroleum imports
and improving urban air quality. Anderson [21] reviewed the avail-
able air quality and vehicle emission data in Brazil, focusing on the
emissions of vehicle-related pollutants, which can be increased by
the use of large quantities of ethanol fuel. The author reported that
atmospheric concentrations of acetaldehyde and ethanol are much
higher in Brazil than in other areas of the world, whereas the con-
centrations of aromatic compounds and carboxylic acids are higher
in other regions [21].
Although reports on air quality and the average concentrations
of regulated pollutants are released annually by the São Paulo State
Environmental Agency [19], there are few data on environmental
concentrations of unregulated pollutants such as aldehydes. In par-
ticular, after 2003 (the year in which ﬂex-fuel vehicles were intro-
duced), only three studies of such pollutants were conducted in the
MASP [22–24]. In this context, this paper provides current data on
aldehydes, nitrogen oxides and ozone concentrations under typical
meteorological conditions in the MASP. The seasonal behavior of
these pollutants was assessed in order to further the understand-
ing of photochemical processes in the city. This article also dis-
cusses the concentrations of the pollutants formaldehyde and
acetaldehyde in the city in recent decades, the contribution of
vehicle emissions and the public policies adopted in Brazil to
reduce vehicle emissions.2. Material and methods
The sampling site was on the University of São Paulo (USP) cam-
pus, in the western part of the MASP (23330S, 46440W), at 750 m
T. Nogueira et al. / Fuel 134 (2014) 505–513 507above sea level. The USP campus is a small green-park (approxi-
mately 7.4 km2), with local trafﬁc during the day and surrounded
by major roads with intense trafﬁc by light and heavy-duty
vehicles.
Aldehydes were sampled on the rooftop of a building at the
Institute of Astronomy, Geophysics, and Atmospheric Sciences
(IAG/USP), approximately 20 m above street level. Continuous
measurements of NOx and O3 were provided by the São Paulo State
Environmental Agency [19] from the air quality station at the
Institute for Energy Research and Nuclear Science on the USP cam-
pus [20]. The two sampling points were approximately 800 m
apart. Temperature, precipitation and solar radiance data were
provided by the IAG/USP Meteorological Station [25].2.1. Aldehyde measurements
The aldehyde sampling follows the US EPA guidelines
Compendium TO-11 Method [26], which is based on the speciﬁc
reaction of organic carbonyl compounds (aldehydes and ketones)
with 2,4-dinitrophenylhydrazine (DNPH)-coated silica gel car-
tridges in the presence of a strong acid, as a catalyst, to form a sta-
ble color hydrazone derivative, and followed by separation and
analysis of the derivative by high performance liquid chromatogra-
phy (HPLC) with ultraviolet (UV) detection. Silica gel cartridges
were coated with acidic solutions of twice-recrystallized DNPH.
The reagent solution was prepared by dissolving 25.0 mg of DNPH
in 25.0 mL of acetonitrile and acidifying with H3PO4 (1%) [27,28].
The cartridges were treated with methanol and acetonitrile and
then coated with 1 mL of fresh DNPH solution. After drying in a
desiccator for 24 h, each cartridge was sealed with Teﬂon tape
and wrapped in aluminum foil. A Swinnex polypropylene ﬁlter
holder containing a polyvinylidene ﬂuoride membrane (purchased
from Millipore) impregnated with a 1 mol L1 potassium iodide
(KI) solution was employed for ozone retention [29]. Aldehydes
were collected at an airﬂow rate of 2.0 L min1 for 2 h in a 2,4-
DNPH-coated silica gel on workdays between July 2012 and May
2013. Sample and blank cartridges were eluted with 5 mL of aceto-
nitrile and the extracts were stored in amber glass vials in a freezer
until analysis by HPLC. All solvents and reagents employed were
HPLC grade. The carbonyl-2,4-DNPH standard was purchased from
Sigma Aldrich. Methanol, acetonitrile and tetrahydrofuran were
purchased from J.T. Baker, KI was purchased from Merck, and solid
silica gel sorbents were purchased from Waters.
The chromatographic system included a Rheodyne injection
valve with a 20 lL sample loop, two LC pumps (Shimadzu model
LC-10AD) and a UV-Visible detector (Shimadzu model SPD-10AV)
at 365 nm. Separation of hydrazones was performed using a Phe-
nomenex Gemini column (25 cm  4.6 mm, 5 lm) connected to
a pre-column Phenomenex Gemini operated at 25 C (room tem-
perature). An elution method was employed with solvents A
(40:60, acetonitrile:water, v/v) and B (80:20, acetonitrile:tetrahy-
drofuran, v/v) using a gradient program in which the elution time
was optimized: 30% B for 5 min, then a linear increase to 50% B
over 12 min, remaining at 50% B for 8 min and then ﬁnally a linear
decrease from 50% to 30% B over 2 min. The mobile phase ﬂow rate
was 1.3 mL min1. The concentration of carbonyls in the air sam-
ples was calculated using the external calibration data from the
carbonyl-DNPH standards.Fig. 2. Seasonal variations in precipitation, temperature and incoming solar
radiation: a comparison between the values of the climatological average (1933–
2012) and of the period under study (June 2012–May 2013).3. Results and discussion
The MASP lies on a plateau, approximately 800 m above sea
level and 50 km from the coast, and is surrounded by hills reaching
elevations of 1100 m in some regions. Due to this complex topog-
raphy, the wind regime is strongly inﬂuenced by sea breezes,mountain-valley circulations and local conditions such as build-
ing-barriers, roughness and urban heat island effects [30]. Fig. 2
shows the meteorological conditions (rainfall, temperature and
global solar irradiation) during the study period compared with cli-
matological averages (1933–2012). The MASP is characterized by
dry winters (June to August) with <50 mm of precipitation/month
and wet summers (December to March) with >150 mm of precipi-
tation/month [25,31,32]. During the study period, the average
monthly temperature and relative humidity were lowest in July
and August, whereas the average monthly precipitation was lowest
(35 mm) in August (Fig. 2). In 2012, August was the driest month,
whereas, December (2012) and February (2013) were the wettest.
The average monthly temperature was higher than the climatolog-
ical average during most months during the period studied, the
exceptions being January, March and April.
It is important to highlight the performance of an anomalous
anticyclonic ﬂow in the upper levels of the atmosphere over the
southeastern coast of South America, provoking atmospheric
blocking in 2012 during the months of August (winter) and
September (winter/spring). This phenomenon caused a consider-
able decrease in precipitation, which resulted in a long period of
drought and rising temperatures in the region. Most days in July,
August and September (winter 2012) were unfavorable for the dis-
persion of pollutants, i.e. calm and windy with no rain.
3.1. Ozone and NOx concentrations
The monthly variability in the hourly distribution of O3 and NO2
concentrations is presented in Fig. 3. Although the highest concen-
trations of NO2 were observed in June and July, the maximum val-
ues were no higher than the national air quality standard
(maximum, 320 lg m3 in one hour). During these colder months,
there was a certain prevalence of thermal inversions near the sur-
face and weak winds, causing pollutants to accumulate [33]. In
contrast, O3 presented concentrations above the national air qual-
ity standard (maximum, 160 lg m3 hourly) in eight of the months
evaluated. Ozone showed a completely different concentration
pattern when compared with NO2, because O3 is formed in the
atmosphere by photochemical reactions which depend on solar
radiation and temperature, among other factors. The warmer
months, which are associated with a greater incidence of solar
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508 T. Nogueira et al. / Fuel 134 (2014) 505–513radiation on the atmosphere, are more favorable to the formation
of ozone. January 2013 was extremely wet in the region, with rain-
fall signiﬁcantly exceeding the climatological averages for the per-
iod (Fig. 2). The intensiﬁed cloudiness and reduced solar radiation
resulted in a lower concentration of ozone than in the other sum-
mer months (Fig. 3a).
The diurnal cycles of NO, NO2 and O3 during the study period,
by season, are shown in Fig. 4. The NO and NO2 values were highest
during the ﬁrst hours of the day; the mean NO2 concentration in
the studied period was 31.3 lg m3 and the maximum was
203 lg m3. The mean NO concentration was 18.0 lg m3,
whereas the maximum was 292 lg m3. As can be seen, peak
ozone concentrations were observed at 2–3 p.m. local time (LT),
whereas the minimum values were observed at 7–8 a.m. Except
in the spring, ozone concentrations were higher during the week-
ends. This may be explained by the fact that the primary cause of
higher ozone levels on weekends is the reduction in NOx emissions,
which can be attributed to the reduction in heavy-duty vehicle
trafﬁc, thus favoring faster ozone formation. This pattern was also
observed in the MASP by Silva Júnior et al. [34] and has been
observed at other sites around the world [35,36]. Marr and Harley
[37] suggested and alternative hypothesis: that enhanced ozone
formation on weekends is attributable to reduced absorption of
sunlight due to lower concentrations of ﬁne particles.
In some periods, the concentration of NO showed two peaks per
day. The morning peak occurred at around 8 a.m. L.T., whereas the
afternoon peak typically occurred after 7 p.m. and often persisteduntil after 10 p.m. due to heavy-duty vehicles circulating on week-
days. It is of note that the local government of the MASP has
adopted policies restricting truck trafﬁc during the day (workdays
from 4 a.m. to 10 p.m. LT) along main trafﬁc routes. The minimum
NO value during the daylight hours was observed to coincide with
the ozone peak (2–3 p.m. LT). It is also of note that, although ozone
concentrations were lowest in the early morning, the associated
NO concentrations peaked during the morning hours. This indi-
cates that the associated chemical reactions taking place before
sunrise, combined with dilution and transport mechanisms,
deplete the ozone that accumulates in the stable boundary layer
during the night. That is because vehicles, the main sources of
ozone precursors, start emitting pollutant gases before sunrise
and the emitted NO can deplete the ozone without solar radiation
[33].
A similar pattern was observed for NO2 concentrations, which
showed two daily peaks (morning and evening) associated with
local trafﬁc. However NO2 levels were also affected by the oxida-
tion of NO. The NO2 morning peak was observed at about 10 a.m.
LT, about two hours after the NO peak, due to oxidation reactions.
In contrast, the evening peak was observed at 7–8 p.m. LT. The
increase in the NO2 concentration generally began around 5 p.m.
LT (increased vehicle trafﬁc). Because vehicles predominantly emit
NO, the presence of ozone and, especially, high concentrations of
free radicals, promote the rapid oxidation of NO to NO2. Only after
the consumption of these species, which are formed by photo-
chemical processes is it possible to observe an increase in the con-
centration of NO. After 7 p.m. LT, there is no more radiation and the
photochemical processes are therefore terminated. The minimum
NO2 concentration observed during the daylight hours was also
in good agreement with the ozone peak and the NO minimum.
Fig. 5 shows that tropospheric ozone was present for more
hours of the day in spring (Fig. 5b) and summer (Fig. 5c) than in
the autumn (Fig. 5d) and winter (Fig. 5a). During the spring, the
hourly average tropospheric ozone concentration was highest in
the early afternoon. However, it is of note that the behavior of
NO and NO2 in the winter and autumn differs from that observed
for the other seasons. As discussed previously, the rise in NOx con-
centrations in the MASP during the ﬁrst hours of the day was
mainly due to the increase in trafﬁc ﬂow (rush hour). However,
intense overnight peaks were observed in the winter and autumn.
Those were also associated with weak winds and atmospheric sta-
bility, characteristic of the nocturnal stable boundary layer, which
persists into the ﬁrst hours of the morning, especially in the colder
seasons.
3.2. Aldehyde concentrations
The diurnal variations in the 63 samples of formaldehyde and
acetaldehyde, corresponding to sixteen days sampled between July
2012 and May 2013, are shown in Fig. 6. At different hours of the
day, there were signiﬁcant variations in the concentrations of
formaldehyde and acetaldehyde, as well as in the formaldehyde/
acetaldehyde (F/A) ratio. The mixing ratios were highest in August
(Fig. 6b), reaching maximum values of 28.7 ppbv for formaldehyde
and 15.2 ppbv for acetaldehyde, and lowest in May (maximum val-
ues of 4.7 ppbv for formaldehyde and 3.2 ppbv for acetaldehyde,
Fig. 6d). During the months of August, September and May, the
precipitation in the MASP was lower than the climatological aver-
age for the area (Fig. 2). August was the driest month, presenting
1.8 mm of precipitation, 17 days with relative humidity below
40%, total solar radiation of 550 MJ m2 and a daily average of
7.8 h of sunshine. In comparison with the climatological average
(1933–2012), there were two more hours of sunshine per day in
August 2012 [25]. However, in May 2013, there was rain on
18 days, the total precipitation for the month being 41 mm, of
Fig. 4. Diurnal cycles of O3, NO and NO2 concentrations in the MASP, by season: (a) winter; (b) spring, (c) summer, (d) autumn.
T. Nogueira et al. / Fuel 134 (2014) 505–513 509which 15.3 mm occurred on day 22 alone. In that month, the total
solar radiation was 350 MJ m2, corresponding to a daily average
of 4.3 h of sunshine. In July 2012 (Fig. 6a), the aldehyde concentra-
tions were approximately constant, except between 8 a.m. and 10
a.m. L.T., although formaldehyde concentrations were higher,
reaching 24.1 ppbv. During that month it rained 88 mm, double
the climatological average (Fig. 2), 70% of that rainfall occurring
on days 16 and 17. On August 31, 2012 and November 23, 2012,
high concentrations of ozone, nitrogen dioxide, formaldehyde,
and acetaldehyde were observed, as was intense irradiation (20.7
and 29.8 MJ m2, respectively). Synoptic parameters were evalu-
ated for these days in order to characterize the pollution events
and link them to the meteorology. On August 31, 2012, a subsi-
dence system with drier air was observed in the lower layers of
the atmosphere, preventing the formation of clouds with vertical
development. That was observed over much of the continent.
Because there were very few frontal systems acting upon thecountry, the movement of the subsidence throughout the atmo-
spheric column over southeastern Brazil was slow. On November
23, 2012, a region of high pressure, inhibiting the formation of
clouds, was also observed over southeastern Brazil. On both days,
episodes of thermal inversion were observed at the lower levels.
Given the fact that the daily characteristics of the vehicular trafﬁc
were similar, maintaining constant levels of pollutant emissions
throughout the year, we can surmise that the meteorological con-
ditions played a very important role in determining the aldehyde
mixing ratio in the MASP.
As can be seen in Table 1, the average concentrations of formal-
dehyde and acetaldehyde were 8.6 ± 6.7 ppbv and 5.4 ± 5.2 ppbv,
respectively, both being important constituents of the urban tropo-
sphere in the MASP (third and fourth in terms of concentration),
because they contribute a signiﬁcant fraction of the total VOCs.
Table 1 also shows the 25th, 50th and 75th percentile values for
formaldehyde, acetaldehyde and the F/A ratio. As can be seen,
(a) (b)
(c) (d)
Fig. 5. Seasonal mean diurnal cycles of O3, NO and NO2 concentrations in the MASP: (a) winter; (b) spring, (c) summer, and (d) autumn.
510 T. Nogueira et al. / Fuel 134 (2014) 505–513the arithmetic mean is greater than the median, indicating that the
data do not follow a normal distribution. Determining the F/A ratio
in urban areas is particularly useful because acetaldehyde is often
associated with direct vehicle emissions [21]. In Brazil, unlike in
other countries, high concentrations of acetaldehyde have been
found in the atmosphere. During the period studied, the F/A ratios
were highest on September 3 (mean 3.1 ± 2.2), and lowest (mean
0.65 ± 0.07) on November 23.
Formaldehyde concentrations in urban regions differ greatly.
For instance, in urban areas of northern and central Europe, as well
as of the United States, the average values vary from 5 to 15 ppbv
[3]. However, in those of Asia and South America, very high con-
centrations have occasionally been observed, reaching average val-
ues between 20 and 30 ppbv with peaks of 40–50 ppbv [3]. In
metropolitan areas, the intense solar irradiation combined with
high concentrations of reactive organic compounds such as
alkenes, leads to photochemical smog, which increases the produc-
tion of formaldehyde, particularly in the summer [38,39]. In some
years, the highest formaldehyde values in Brazil have been
recorded in the city of Rio de Janeiro, where those values increased
considerably between 1998 and 2004, whereas formaldehyde and
acetaldehyde levels both decreased sharply between 2004 and
2009. In the latter period, values ranged from 1.52 to 54.31 ppbv
for formaldehyde and from 2.36 to 45.60 ppbv for acetaldehyde
[40,41]. The authors attributed high aldehyde concentrations to
the increasing use of biofuel. Several authors have worked out
the reaction pathways in the combustion of different biofuels
and have concluded that such processes can generally be expected
to produce carbonyl compounds, particularly formaldehyde
[42,43].
Table 1 shows a review of values for formaldehyde and acetal-
dehyde from 1986 to 2013 in the MASP.3.3. Vehicle emissions of aldehyde vs. public policies
In Brazil, the Programa de Controle da Poluição do Ar por Veículos
Automotores (PROCONVE, Program for the Control of Motor Vehicle
Emissions) was launched in 1986, establishing air pollutant emis-
sion standards for new cars countrywide. The PROCONVE was
implemented in phases, and the decrease in vehicle emissions
has been accompanied by an enforcement law to reduce pollutants
and the use of ethanol as fuel on a large scale. Fig. 7 shows the
aldehyde emissions in grams per kilometer traveled by new vehi-
cles sold in Brazil, together with the limits speciﬁed in each phase
of the PROCONVE. As can be seen, signiﬁcant reductions in emis-
sions occurred due to the evolution of public policies for pollution
control. Prior to 1992 (before and during Phase 1 of the PROCON-
VE), no limits existed regarding aldehyde emissions. During that
period, vehicles running on ethanol emitted about 0.13 g of total
aldehyde (RCHO) per kilometer, about 3 times more than vehicles
running on gasohol. In Phase 2 of the PROCONVE, which started in
1992, the emission limit was initially 0.15 g of aldehyde per km
traveled but was reduced to 0.03 g of aldehyde per km traveled
by 1997 (the beginning of Phase 3). As can be seen in Fig. 7, vehi-
cles running on ethanol emit more total aldehydes than do vehicles
running on gasohol and the quantity of aldehydes emitted by
ethanol-powered vehicles is similar to that emitted by ﬂex-fuel
vehicles running on ethanol. However, the production of vehicles
powered by ethanol only was discontinued in 2006, and there
are therefore no longer any records of emissions for new vehicles.
It is also noteworthy that ﬂex-fuel vehicles manufactured in 2010
emitted an average of 0.007 g of aldehyde per km when new and
using ethanol, which was about 65% less than their 2003 counter-
parts under the same conditions. Flex-fuel vehicles now account
for approximately 38% of all light-duty vehicles in the MASP [44].
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Table 1
Environmental concentrations of formaldehyde and acetaldehyde in the MASP over
the last 30 years.
Year Formaldehyde
(ppbv)
Acetaldehyde
(ppbv)
F/A ratio References
1986a 5.4 16.1 0.34 [52]
1989a 10.8 22.3 0.48 [21]
1990a 15.2 22.6 0.68 [21]
1993a 6.4 9.3 0.69 [21]
1996a 3.35 5.1 0.65 [21]
1997a 5.6 10.4 0.54 [21]
1998a 5.0 5.4 0.9 [53]
1999b 1.0–46 11.9 1.2 [54]
2000a 4.2 n.a. [24]
2001b 1.0–46.3 1.2–56.6 n.a. [47]
2002a 4.0 n.a. [24]
2003a 2.0–8.2 1.0–9.2 0.9–3.2 [23]
2004a 18.1 15.4 1.18 [21]
2006a 5.7 5.6 1.02 [55]
2007a 13.5 n.a. [24]
2011a 5.0 4.0 0.8–1.7 [22]
2012/
2013
8.6 ± 6.7c 5.4 ± 5.2c 2.1 ± 1.3c Present
study4.7d–6.9e–9.8f 2.3d–3.2e–6.5f 1.2d–1.8e–
2.8f
a Mean values.
b Maximum and minimum values.
c Mean ± SD.
d 25th percentile.
e 50th percentile.
f 75th percentile.
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Fig. 7. Evolution of aldehyde emission factors from 1980 to 2010 for gasohol
(gasoline + 25% ethanol) and ethanol fuels, showing the phases of the Brazilian
Program for the Control of Motor Vehicle Emissions.
T. Nogueira et al. / Fuel 134 (2014) 505–513 511The PROCONVE is currently in Phase 5, and the limit for aldehyde
emissions is 0.02 g per km traveled.
In-tunnel studies can be used to describe actual vehicle emis-
sions. Table 2 shows aldehyde concentrations inside trafﬁc tunnels
Table 2
Concentrations of formaldehyde and acetaldehyde inside trafﬁc tunnels in the MASP over the last 20 years.
Locale (year) Formaldehyde (ppbv) Acetaldehyde (ppbv) F/A ratio References
Janio Quadros Tunnel (1993)a 43–50 40–60 0.85 [47]
Janio Quadros Tunnel (1997)a 28–34 31–37 0.89 [47]
Janio Quadros Tunnel (2001)a 23.7–30.6 6.1–34.5 0.09–0.9 [47]
Maria Maluf Tunnel (2001)a 28.1–39.2 24.8–32.2 0.9–1.0 [47]
Janio Quadros Tunnel (2004)b 5.9 ± 3.3 6.1 ± 4.4 0.96 ± 0.75 [45]
Maria Maluf Tunnel (2004)b 24 ± 12 16 ± 7 1.5 ± 1.7 [45]
Janio Quadros Tunnel (2011)a 4.5–10.3 5.0–13.3 0.7–1.1 [46]
Rodoanel Tunnel (2011)a 10.0–14.0 4.9–8.1 1.7–2.0 [46]
a Maximum and minimum values.
b Mean ± SD.
512 T. Nogueira et al. / Fuel 134 (2014) 505–513in the MASP over the last 20 years [45–47]. The data presented
conﬁrm the assertion that Brazilian vehicles have emitted fewer
aldehydes over the years. As can be seen, the F/A ratio measured
in tunnels has increased from 0.85 (in the early 1990s) to over
1.0 at some locations (in 2004 and 2011). The reduction in alde-
hyde emissions was largely due to the implementation of new
vehicle technologies. During the 1980s, most Brazilian vehicles
did not use catalytic systems for the conversion of exhaust gases
and the engines were inefﬁcient. Since 2003, ﬂex-fuel vehicles
available on the Brazilian market have had modern three-way cat-
alytic converters. The monitoring of aldehyde emissions by new
cars has also contributed to that reduction.
Policies for reducing VOCs in the atmosphere are important
because these compounds inﬂuence ozone formation.
Formaldehyde and acetaldehyde have a strong potential for ozone
formation. One parameter used in order to quantify the contribu-
tion of VOCs to ozone formation is the maximum incremental reac-
tivity scale, which represents the mass of ozone formed per gram
of VOCs emitted into the system [48]. The maximum incremental
reactivity (MIR) scale values for formaldehyde and acetaldehyde
are 9.46 and 6.54 respectively [49], which represents a mean
potential ozone formation of 99.9 ± 78.6 g O3/g formaldehyde and
63.6 ± 61.5 g O3/g acetaldehyde. In addition, the presence of these
species in the atmosphere can affect the climate. Aldehydes can act
as greenhouse gases in their vapor and aerosol phases [50]. The
aerosols formed from these primary emissions can contribute to
atmospheric cooling by increased light scattering. The atmospheric
reactions of the peroxy radical formed from aldehyde emissions
will also likely lead to increased acidic aerosol production, contrib-
uting to the production of light-scattering aerosol species. Once
dissolved in aerosols, aldehydes are also strong infrared absorbers
and can contribute to local heating of the atmosphere [51]. In sum-
mary, the overall impact that the formation of aerosols has on the
climate will depend on their concentrations, atmospheric lifetimes
and distributions.4. Conclusions
To improve air quality in urban environments that are subject
to photochemical smog, the atmospheric concentrations of NOx
and other reactive VOCs (such as aldehydes) need to be monitored
and controlled. In the present study, we have shown that, in the
MASP, the NOx pattern is related to vehicle emissions and the
ozone pattern is related to photochemical activity. In addition,
we found that aldehydes showed diurnal variations, indicating that
photochemical production and removal, as well as direct emis-
sions, are all signiﬁcant processes. However, this makes it difﬁcult
to identify the distinct contributions of the various sources. Our
results also demonstrate that, although there was a considerable
increase in the number of ﬂex-fuel vehicles on the road in the
MASP, technological improvements in the design of those vehiclesprevented any signiﬁcant increase in the concentration of alde-
hydes in the atmosphere.
Public efforts such as the PROCONVE, which is now in Phase 5,
have been of great importance in reducing the concentrations of
pollutants such as aldehydes in the atmosphere. It is also of note
that meteorological conditions favored the dispersion of such pol-
lutants during some parts of the period evaluated in our study,
thus reducing the concentrations of aldehydes at times.Acknowledgments
The authors gratefully acknowledge the ﬁnancial support
received from the Fundação de Amparo à Pesquisa do Estado de
São Paulo (FAPESP, São Paulo Research Foundation; 2008/58104-8
and 2011/18777-6), Coordenação de Aperfeiçoamento de Pessoal de
Nível Superior/Pró-Reitoria de Extensão (CAPES/PROEX) and the
Conselho Nacional de Desenvolvimento Cientíﬁco e Tecnológico
(CNPq, National Council for Scientiﬁc and Technological
Development; fellowship grant to PAD). We would also like to
thank the Companhia de Tecnologia de Saneamento Ambiental
(CETESB, São Paulo State Environmental Agency) for the data
contributed to this report.References
[1] Knothe G. Biodiesel and renewable diesel: a comparison. Prog Energ Combust
2010;36:364–73.
[2] Gaffney JS, Marley NA. The impacts of combustion emissions on air quality and
climate – from coal to biofuels and beyond. Atmos Environ 2009;43:23–36.
[3] Salthammer T. Formaldehyde in the ambient atmosphere: from an indoor
pollutant to an outdoor pollutant? Angew Chem Int Ed 2013;52:3320–7.
[4] Capaz RS, Carvalho VSB, Nogueira LAH. Impact of mechanization and previous
burning reduction on GHG emissions of sugarcane harvesting operations in
Brazil. Appl Energy 2013;102:220–8.
[5] Atkinson R. Atmospheric chemistry of VOCs and NOx. Atmos Environ
2000;34:2063–101.
[6] Jacob DJ. Heterogeneous chemistry and tropospheric ozone. Atmos Environ
2000;34:2131–59.
[7] McLaren R, Singleton DL, Lai JYK, Khouw B, Singer E, Wu Z, et al. Analysis of
motor vehicle sources and their contribution to ambient hydrocarbon
distributions at urban sites in Toronto during the Southern Ontario Oxidants
Study. Atmos Environ 1996;30:2219–32.
[8] Siegl WO, Hammerle RH, Herrmann HM, Wenclawiak BW, Luers-Jongen B.
Organic emissions proﬁle for a light-duty diesel vehicle. Atmos Environ
1999;33:797–805.
[9] Zhang JF, Smith KR. Emissions of carbonyl compounds from various cookstoves
in China. Environ Sci Technol 1999;33:2311–20.
[10] Rodrigues MC, Guarieiro LLN, Cardoso MP, Carvalho LS, da Rocha GO, de
Andrade JB. Acetaldehyde and formaldehyde concentrations from sites
impacted by heavy-duty diesel vehicles and their correlation with the fuel
composition: diesel and diesel/biodiesel blends. Fuel 2012;92:258–63.
[11] Guarieiro LLN, Pereira PAD, Torres EA, da Rocha GO, de Andrade JB. Carbonyl
compounds emitted by a diesel engine fuelled with diesel and biodiesel–diesel
blends: sampling optimization and emissions proﬁle. Atmos Environ
2008;42:8211–8.
[12] Guarieiro LLN, de Souza AF, Torres EA, de Andrade JB. Emission proﬁle of 18
carbonyl compounds, CO, CO2, and NOx emitted by a diesel engine fuelled with
diesel and ternary blends containing diesel, ethanol and biodiesel or vegetable
oils. Atmos Environ 2009;43:2754–61.
T. Nogueira et al. / Fuel 134 (2014) 505–513 513[13] Zervas E. Regulated and non-regulated pollutants emitted from two aliphatic
and a commercial diesel fuel. Fuel 2008;87:1141–7.
[14] Ban-Weiss GA, Mclaughlin JP, Harley RA, Kean AJ, Grosjean E, Grosjean D.
Carbonyl and nitrogen dioxide emissions from gasoline- and diesel-powered
motor vehicles. Environ Sci Technol 2008;42:3944–50.
[15] Goldmacher VS, Thilly WG. formaldehyde is mutagenic for cultured human-
cells. Mutat Res 1983;116:417–22.
[16] Goldemberg J. Ethanol for a sustainable energy future. Science
2007;315:808–10.
[17] ANP. Agência Nacional de Petróleo, Gás Natural e Biocombustíveis (National
Agency for Oil, Natural Gas, and Biofuels). <http://www.anp.gov.br/> [accessed
05.02.14].
[18] IBGE. Área e População – Censo Demográﬁco 2010 do IBGE. Censo Demográﬁco
2010 <http://www.ibge.gov.br>; 2010 [accessed 25.10.13].
[19] CETESB. São Paulo State Environmental Agency. <http://www.cetesb.sp.gov.br/>.
[20] CETESTB. Relatório Anual de Qualidade do Ar no Estado de São Paulo 2011.
<http://www.cetesb.sp.gov.br/userﬁles/ﬁle/ar/relatorios/Relatorio-Ar-2012.zip>;
2012.
[21] Anderson LG. Ethanol fuel use in Brazil: air quality impacts. Energ Environ Sci
2009;2:1015–37.
[22] Alvim DS, Gatti LV, dos Santos MH, Yamazaki A. Studies of the volatile organic
compounds precursors of ozone in Sao Paulo city. Eng Sanit Ambient
2011;16:189–96.
[23] Martins LD, Andrade MD, Ynoue RY, de Albuquerque EL, Tomaz E, Vasconcellos
PD. Ambiental volatile organic compounds in the megacity of Sao Paulo. Quim
Nova 2008;31:2009–13.
[24] Rocha FR, Coelho LHG, Lopes MLA, Carvalho LRF, da Silva JAF, do Lago CL, et al.
Environmental formaldehyde analysis by active diffusive sampling with a
bundle of polypropylene porous capillaries followed by capillary zone
electrophoretic separation and contactless conductivity detection. Talanta
2008;76:271–5.
[25] Meteorological-Station-IAG. Estacao Meteorologica – Instituto de Astronomia,
Geoﬁsica e Ciencias Atmosfericas da Universidade de Sao Paulo. <http://
www.estacao.iag.usp.br/> [accessed 10.11.13].
[26] USEPA. Compendium Method TO-11A. Determination of Formaldehyde in
Ambient Air Using Adsorbent Cartridge Followed by High Performance Liquid
Chromatography (HPLC). EPA-625/R-96/010b. Cincinnati (OH): U.S.
Environmental Protection Agency; 1997.
[27] Shepson PB, Kleindienst TE, Edney EO, Nero CM, Cupitt LT, Claxton LD.
Acetaldehyde – the mutagenic activity of its photooxidation products. Environ
Sci Technol 1986;20:1008–13.
[28] Vairavamurthy A, Roberts JM, Newman L. Methods for determination of low-
molecular-weight carbonyl-compounds in the atmosphere. Atmos Environ a-
Gen 1992;26:1965–93.
[29] Pires M, Carvalho LRF. An artifact in air carbonyls sampling using C-18 DNPH-
coated cartridge. Anal Chim Acta 1998;367:223–31.
[30] Freitas ED, Rozoff CM, Cotton WR, Dias PLS. Interactions of an urban heat
island and sea-breeze circulations during winter over the metropolitan area of
Sao Paulo, Brazil. Bound-Lay Meteorol 2007;122:43–65.
[31] de Oliveira AP, Machado AJ, Escobedo JF, Soares J. Diurnal evolution of solar
radiation at the surface in the city of Sao Paulo: seasonal variation and
modeling. Theor Appl Climatol 2002;71:231–50.
[32] Oliveira AP, Bornstein RD, Soares J. Annual and diurnal wind patterns in the
city of São Paulo. Water Air Soil Pollut Focus 2003;3:3–15.
[33] Massambani O, Andrade F. Seasonal behavior of tropospheric ozone in the Sao-
Paulo (Brazil) Metropolitan-Area. Atmos Environ 1994;28:3165–9.
[34] Silva Júnior RSd, Oliveira MGLd, Andrade MdF. Weekend/weekday differences
in concentrations of ozone, nox, and non-methane hydrocarbon in themetropolitan area of São Paulo. Revista Brasileira de Meteorologia. 2009; 24:
100–10.
[35] Blanchard CL, Fairley D. Spatial mapping of VOC and NOx-limitation of ozone
formation in central California. Atmos Environ 2001;35:3861–73.
[36] Blanchard CL, Tanenbaum SJ. Differences between weekday and weekend
air pollutant levels in southern California. J Air Waste Manage 2003;53:
816–28.
[37] Marr LC, Harley RA. Spectral analysis of weekday–weekend differences in
ambient ozone, nitrogen oxide, and non-methane hydrocarbon time series in
California. Atmos Environ 2002;36:2327–35.
[38] Hu B, Wang Y, Liu GR. Measurements and estimations of photosynthetically
active radiation in Beijing. Atmos Res 2007;85:361–71.
[39] Duan JC, Tan JH, Yang L, Wu S, Hao JM. Concentration, sources and ozone
formation potential of volatile organic compounds (VOCs) during ozone
episode in Beijing. Atmos Res 2008;88:25–35.
[40] Correa SM, Martins EM, Arbilla G. Formaldehyde and acetaldehyde in a high
trafﬁc street of Rio de Janeiro, Brazil. Atmos Environ 2003;37:23–9.
[41] Correa SM, Arbilla G, Martins EM, Quiterio SL, Guimaraes CD, Gatti LV. Five
years of formaldehyde and acetaldehyde monitoring in the Rio de Janeiro
downtown area – Brazil. Atmos Environ 2010;44:2302–8.
[42] Kohse-Höinghaus K, Oßwald P, Cool TA, Kasper T, Hansen N, Qi F, et al.
Verbrennungschemie der Biokraftstoffe: von Ethanol bis Biodiesel. Angew
Chem 2010;122:3652–79.
[43] Leplat N, Dagaut P, Togbe C, Vandooren J. Numerical and experimental study of
ethanol combustion and oxidation in laminar premixed ﬂames and in jet-
stirred reactor. Combust Flame 2011;158:705–25.
[44] CETESB. Plano de Controle de Poluição Veicular do Estado de São Paulo 2011/
2013. <http://www.cetesb.sp.gov.br/ar/documentos/Plano_de_Controle_de_
Poluicao_Veicular_do_Estado_de_Sao_Paulo_2011-2013.pdf>; 2013.
[45] Martins LD, Andrade MF, Freitas ED, Pretto A, Gatti LV, Albuquerque EL, et al.
Emission factors for gas-powered vehicles traveling through road tunnels in
Sao Paulo, Brazil. Environ Sci Technol 2006;40:6722–9.
[46] Souza KF, Nogueira T, Magalhães D, Andrade MF, Carvalho LRF. 35ª Brazilian
Chemical Society annual meeting, <http://www.sbq.org.br/35ra/>; 2012.
[47] Vasconcellos PC, Carvalho LRF, Pool CS. Volatile organic compounds inside
urban tunnels of Sao Paulo City; Brazil. J Brazil Chem Soc 2005;16:1210–6.
[48] SAPRC. Atmospheric chemical mechanism and reactivity scales. <http://
www.engr.ucr.edu/ecarter/SAPRC>; 2009 [accessed 19.02.14].
[49] Carter WPL. Updated maximum incremental reactivity scale and hydrocarbon
bin reactivities for regulatory application. College of Engineering Center for
Environmental Research and Technology-University of California, Riverside.
<http://www.arb.ca.gov/research/reactivity/mir09.pdf>; 2010.
[50] Marley NA, Gaffney JS, Cunningham MM. Aqueous greenhouse species in
clouds, fogs, and aerosols. Environ Sci Technol 1993;27:2864–9.
[51] Gaffney JS, Marley NA. Potential changes in atmospheric chemistry in the
decades ahead – climate and biosphere interactions and feedbacks. Precip
Scaveng Atmos-Surface Exch 1992;1–3:1735–43.
[52] Grosjean D, Miguel AH, Tavares TM. Urban air-pollution in Brazil –
acetaldehyde and other carbonyls. Atmos Environ B-Urb 1990;24:101–6.
[53] Nguyen HTH, Takenaka N, Bandow H, Maeda Y, de Oliva ST, Botelho MMF, et al.
Atmospheric alcohols and aldehydes concentrations measured in Osaka, Japan
and in Sao Paulo, Brazil. Atmos Environ 2001;35:3075–83.
[54] Montero L, Vasconcellos PC, Souza SR, Pires MAF, Sanchez-Ccoyllo OR, Andrade
MF, et al. Measurements of atmospheric carboxylic acids and carbonyl
compounds in Sao Paulo city, Brazil. Environ Sci Technol 2001;35:3071–81.
[55] CETESB. Relatorio de Qualidade do Ar no Estado de Sao Paulo 2006, Sao Paulo,
Brazil. <http://www.cetesb.sp.gov.br/Ar/relatorios/RelatorioAr2006.zip>; 2007
[accessed 10.02.14].
